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Description Satellite remote-sensing data from the Landsat sensors have been used to detect potential infestations of the invasive plant cheatgrass on the Colorado Plateau (see Kokaly, 2011) and the Great Basin (Bradley and Mustard, 2006 High values of dNDVI indicate areas that have the vegetation growth cycle of cheatgrass. DESI creates a cheatgrass map using pixels with dNDVI above a certain threshold.
In DESI, the algorithm for detecting cheatgrass and other early-season invasive plants relies on the computation of NDVI from Landsat data that has been converted to reflectance.
The reliance on reflectance data, as opposed to radiance data or the raw Landsat DN, arises from the fact that reflectance is primarily a function of the chemical and biochemical composition of In contrast, radiance data are a function of not only the reflectance of the surface but also of the illumination and the absorption of radiation by atmospheric gases, which vary through the
year. Furthermore, atmospheric scattering of sunlight due to suspended dust and other aerosols in the atmosphere significantly changes radiance received by a satellite sensor. The atmospheric scattering varies in a non-linear fashion as a function of wavelength. The DESI software includes modules for converting Landsat data from raw DN to reflectance, in order to remove the atmospheric and illumination effects from the remotely sensed data. As a result, the DESI algorithm for detecting cheatgrass and other early-season invasive plants is based on variations in plant biochemistry and fractional canopy cover-thus, the algorithm is not affected by extraneous factors such as illumination and atmospheric conditions.
The DESI software modules were developed for southern Utah using Landsat 5 and 7
data. The default values in the Landsat-masking module (for detection of cloud/snow, water, and other materials) and in the cheatgrass-mapping module will work best for Landsat scenes of southern Utah and, more broadly, the Colorado Plateau eco-region. For other ecosystems, the programs are flexible enough to allow the user to change the detection parameters to work best for their study area.
Installation of Software
1. Download the software from the following website:
http://pubs.usgs.gov/of/2010/1302/downloads/.
2. Copy the "usgsdesi_v1_envi47.sav" file within the "usgsdesi" folder to your ENVI "save_add" directory (for installations of ENVI 4.7, the save_add directory is commonly in the following location: C:\ Program Files\ITT\IDL71\products\ENVI47\save_add\).
3. Start the ENVI program. The ENVI menu bar should now look like figure 1, with five items listed under the "DESI" item when you click on it. This module reads the raw data; calculates radiance values in units of Watts/m 2 /steradian/micrometer; applies a scaling factor of 100 to the radiance values; stores the data as a six-band image in 2-byte, signed-integer format in band-sequential organization; and
creates an ENVI header file. Non-data pixels in the input bands are set to a value of -1 in the output radiance file. Image parameters that are needed for further conversion of the radiance 6 data to reflectance (see Module 2) are extracted from the metadata file and encoded in the ENVI header of the output radiance image. These data include the solar elevation, day, month, and
year of the image acquisition, and the sensor type: Landsat 5 or Landsat 7. The example files shown in this module are included in a compressed distribution archive which can be accessed online at http://pubs.usgs.gov/of/2010/1327/downloads/.
To start the program, click the "Landsat Raw DN to Radiance" item under the "DESI" entry on the ENVI menu bar ( fig. 1 ). The user is prompted to select the metadata file ( fig. 2 ).
After selecting the file, press the "Open" button to continue the program. If the program is not able to read all the required parameters from the metadata file, the user is prompted to set the missing parameters interactively.
Next, the user is prompted to select the Landsat data. If the Landsat data is in geotiff format, the user is prompted to select the geotiff file for one of the Landsat bands ( fig. 3 ). Only one band needs to be selected; the remaining bands are found automatically by the DESI module.
If the data is in NLAPS (National Landsat Archive Production System) format, the user is prompted to select the NLAPS file for the Landsat multispectral bands (this file has a "*.H1" file extension). Press the "Open" button to continue the program. Next, the user is prompted to set the directory location and filename for the output radiance image ( fig. 4 ). Press the "Open" button to continue the program. After the output radiance file is written, the user is advised that the program has completed successfully ( fig. 5 ). Press the "OK" button to dismiss the window. During the execution of this module, a log file containing information about selected files and parameters used in the conversion of the data is created by the program. Initially, the log file is written to the user's IDL temporary directory. Users of full ENVI+IDL licenses can determine the name of the directory by entering the following on the IDL command line:
ENVI> print, getenv('IDLTMPDIR'). After completion of the program, the file is copied to the directory containing the output radiance image. Appendix 1 contains an example log file for this module.
Module 2. Landsat Radiance to Reflectance
This module converts Landsat data from radiance to reflectance according to the equations in Chander and others (2009 (2009), are hard-coded in the program. Additional scene-specific information is needed to convert radiance data to reflectance. If Module 1 was used to produce the radiance data, the scene-specific information required for the conversion is encoded in the ENVI header of the radiance image. If the program cannot extract these values from the header file, the user will be prompted to set the required parameters (the solar elevation, day, month, and
year of the image acquisition, and the sensor type: Landsat 5 or Landsat 7).
Accurate conversion to reflectance requires the removal of path radiance, that is, energy from the sun that has been scattered by the atmosphere back to the satellite sensor. An example of estimating the path radiance using dark pixels in the radiance image is demonstrated in the DESI Tutorial (Kokaly, 2011) . This module will prompt for an input file containing the path radiance estimate: a text file containing the path radiance estimate for each of the six image bands in units of radiance, Watts/m 2 /steradian/micrometer, scaled by a multiplicative factor of 100. 10 The program expects that non-data pixels in the input radiance image are set to a value of -1. These same pixels are set to a value of -1 in the output reflectance image. The reflectance values are scaled by a factor of 10,000 before being stored in the output image. As a result, a reflectance of 1.0 is scaled to a value of 10,000. The example files shown in this module are included in a compressed distribution archive which can be accessed online at http://pubs.usgs.gov/of/2010/1327/downloads/.
To start the module, click the "Landsat Radiance to Reflectance" item under the "DESI" entry on the ENVI menu bar (fig. 1 ). The user is prompted to select the input radiance file ( fig.   6 ). After selecting the file, press the "Open" button to continue the program. Next, the user is prompted to select the file that contains the path radiance estimate ( fig. 7) . After selecting the file, press the "Open" button to continue the program. Next, the user is prompted to set the output reflectance file ( fig. 8 ). After the directory has been selected and the filename entered, press the "Open" button to continue the program. After the output reflectance file is written, the user is advised that the program has successfully completed ( fig. 9 ). Press the "OK" button to dismiss the window.
Figure 9.
Message advising that the conversion to reflectance was successful.
During the execution of this module, a log file containing information about selected files and parameters used in the conversion of the data is created by the program. Initially, the log file is written to the user's IDL temporary directory. After completion of the program, the file is copied to the directory containing the output reflectance image. Appendix 2 contains an example log file for this module.
Module 3. Landsat Masking
This module creates a mask for pixels containing cloud/snow, shadows (from clouds or steep terrain), water, and burned areas. The program uses both the radiance and reflectance images of Landsat data to identify the pixels containing these materials. The output file is an To start the program, click the "Landsat Masking" item under the "DESI" entry on the ENVI menu bar ( fig. 1) . First, the user is shown a list of the default threshold values used in detecting the materials ( fig. 10 ). The window asks the user whether they wish to change any of the detection parameters ( fig. 10 ). If they press "No" these default values will be used. It is suggested that the defaults be used initially. If the user finds that the resultant mask image contains errors, they can run this module again, adjusting the thresholds to work best with their Landsat imagery.
In general, these parameters are the maximum-allowable values of scaled reflectance.
The parameter name contains both the material for which the parameter is used and the Landsat band(s) to which the threshold is applied. For example, the first parameter listed is THRESHOLD_WATER_BAND5_REFL, indicating that only pixels with scaled reflectance value less than or equal to 700 in band five will be considered as covered by water.
The module does check a few thresholds on minimum-allowable values. For example, THRESHOLD_BURN_BAND5_REFL_MIN is a threshold for the minimum-allowable value for band five. Also, the cloud-and snow-detection thresholds are applied to scaled radiance values and are all minimum-allowable values. In other words, the scaled radiance for a pixel must exceed these thresholds in order to be masked as a cloud/snow pixel.
In a few cases, thresholds on ratios of Landsat bands are used to detect materials, for example, THRESHOLD_SHADOW_RATIO_4N3. In this case, a pixel must have the ratio of reflectance in band 4 divided by reflectance in band 3 less than or equal to the listed value of 3.0 in order to be considered as a shadow pixel.
In the detection of water, a pixel must meet all the detection criteria: a band 5 reflectance lower than the value of the THRESHOLD_WATER_BAND5_REFL parameter and a band 6 reflectance lower than the THRESHOLD_WATER_BAND6_REFL parameter. In a similar manner, the burn class detection parameters are applied. A pixel must meet all criteria shown in figure 10 . The application of the shadow-detection parameters is done with two different checks of pixel values. In the first check, a pixel with reflectance values in all bands that are less than the THRESHOLD_SHADOW_ALLBNDS threshold is classified as shadow. In addition, a pixel is classified as shadow if it has reflectance values in bands 1, 3, and 4 that are all above the default or user-defined thresholds, respectively, and a ratio of reflectance in bands 4 and 3 lower than the default or user-defined threshold.
The parameters for cloud and snow detection are used in two distinct detection algorithms. The first is a simple check for pixels that have radiance in band 1 that is greater than or equal to the value of the THRESHOLD_CLOUD_SNOW_BAND_1_RAD_1_MIN. If a pixel meets this criterion, it is classified as a cloud/snow pixel. A separate check is done with the other cloud and snow thresholds in combination. A pixel that has a radiance in band 1 that is greater than or equal to the value of the THRESHOLD_CLOUD_SNOW_BAND_1_RAD_2_MIN detection parameter and also has a ratio of the band 1 divided by band 2 radiance values greater than or equal to THRESHOLD_CLOUD_SNOW_RATIO_1N2_MIN is also classified as cloud/snow. In practical terms, the THRESHOLD_CLOUD_SNOW_BAND_1_RAD_1_MIN parameter should be a value which the user is very confident defines a radiance value that only captures cloud and snow pixels. A lower value for band 1 radiance can be set for the THRESHOLD_CLOUD_SNOW_BAND_1_RAD_2_MIN that mostly captures cloud/snow pixels, but may capture bright soils or other materials. The third parameter, the ratio of the band 1 and 2 radiance values, assists in the screening of these other bright materials from being included in the cloud/snow class.
If a pixel passes all the detection criteria listed for it, then that pixel in the mask image will be set to a value identifying it as that material (for example, cloud/snow, water, burned).
Cloud/snow pixels are assigned the value of 1 in the output mask image. Shadow pixels are given the value 2. Water is indicated by a value of 3. Burned areas are given a value of 4. If a pixel meets the criteria for more than one material, the following hierarchy is followed in assigning it a material class value, listed highest priority to lowest: cloud/snow, water, shadow, and burn area. Thus, if a pixel meets the criteria for both water and shadow, it is assigned the value of the water class because that material has priority over the shadow class. In addition, the program checks for pixels that have a "no data" value of -1 in any of the six Landsat bands. If "Module 2-Landsat Radiance to Reflectance" was used to generate the reflectance image, then no-data pixels are set to this value. In the output mask image, the no-data pixels are given a class value of 5. Valid Landsat pixels for which no material was detected are assigned a value 0 (zero).
If the user presses "Yes" in response to the prompt to the question of whether they would like to change any default detection thresholds ( fig. 10 ), they will be prompted with the default values of each parameter, which they may edit (for example, fig. 11 ). Press "OK" to continue to the next parameter. Figure 11 . Changing a material-detection parameter.
After setting the material-detection parameter values, the user is prompted to select the reflectance file ( fig. 12 ). After selecting the file, press the "OK" button to continue the program. Next, the user is prompted to select the radiance file that corresponds to the selected reflectance file ( fig. 13 ). After selecting the file, press the "OK" button to continue the program. Next, the user is prompted to set the output mask file ( fig. 14) . After the directory has been selected and the filename entered, press the "Open" button to continue the program.
Figure 14.
Setting the output mask filename.
After the output mask file is written, the user is advised that the program has completed successfully ( fig. 15 ). Press the "OK" button to dismiss the window. During the execution of this module, a log file containing information about selected files and parameters used in the creation of the mask is written by the program. Initially, the log file is written to the user's IDL temporary directory. After completion of the program, the file is copied to the directory containing the output mask image. Appendix 3 contains an example log file for this module.
Module 4. Landsat Cheatgrass Detection
This module detects pixels which are likely to contain cheatgrass and(or) other early- To start the program, click the "Landsat Cheatgrass Detection" item under the "DESI" entry on the ENVI menu bar. The user is prompted to select the layerstack file ( fig. 16 ). After selecting the file, press the "Open" button to continue the program. The window prompts the user whether they wish to change any of the detection parameters ( fig. 17 ). If they press "No" these default values will be used. It is suggested that the defaults be used initially. If the user finds that the resultant cheatgrass image needs adjustment, he or she can run this module again, adjusting the thresholds to work best with their Landsat imagery. A pixel with a dNDVI value greater than the listed value for "CHEATGRASS_DIFFNDVI_THRESHOLD_HIPROB" is classified as having a high probability of containing cheatgrass. If the pixel's dNDVI value falls between that parameter and the value of the "CHEATGRASS_DIFFNDVI_THRESHOLD_LOPROB", then it is classified as having a lower probability of containing cheatgrass. Pixels with dNDVI values below the "CHEATGRASS_DIFFNDVI_THRESHOLD_LOPROB" threshold are not considered to contain cheatgrass.
The remaining thresholds are used to reduce false positive detections of cheatgrass, especially in agricultural areas that are irrigated during the early season. To be considered as containing cheatgrass, pixels must have early-season NDVI values that fall between the "THRESHOLD_EARLYSEASON_LO_NDVI" and "THRESHOLD_EARLYSEASON_HI_NDVI" parameters and mid-summer NDVI values below the "THRESHOLD_LATESEASON_HI_NDVI" parameter.
If the user presses "Yes" in response to the prompt in figure 17, they will be prompted with the default values of each parameter, which they may edit (for example, fig. 18 ). Press "OK" to continue to the next parameter. After setting the material detection parameter values, the user is prompted to set the output-indexed dNDVI file ( fig. 19 ) (a segmented ENVI classification image of the dNDVI values). After the directory has been selected and the filename entered, press the "Open" button to continue the program. Figure 19 . Setting the output indexed difference NDVI filename.
Next, the user is prompted to set the filename of the initial cheatgrass map ( fig. 20 ).
After the directory has been selected and the filename entered, press the "Open" button to continue the program. The module processes the input data and generates the initial cheatgrass map.
Subsequently, the program uses spatial filtering to eliminate false positive detections caused by spatial mismatch between the early-season (spring) and late-season (mid-summer) Landsat images. This is an important step for semi-arid regions like the Colorado Plateau. In such areas, perennial vegetation grows amidst bare soil and rock; mis-registered pixels can result in a high NDVI to low NDVI pattern that mimics the cheatgrass greenness pattern. After the spatial filtering, a final cheatgrass image is created using a "_filtered" extension appended to the filename specified by the user for the cheatgrass map ( fig. 20) . Next, the filtered map is masked using the masks previously generated (see Module 3). This masking eliminates pixels that contain cloud/snow, water, shadow, or burned areas; the filename of this map is the same as the initial cheatgrass map, but with a "_filtered_masked" extension added to the end of the filename.
After the processing is complete, the user is advised that the program has completed successfully ( fig. 21 ). Press the "OK" button to dismiss the window. The final filtered and masked cheatgrass map is an ENVI classification image with six classes (see table 2 ). For additional details on processing Landsat data to map cheatgrass and on interpretation of the final cheatgrass map, consult the DESI Tutorial (Kokaly, 2011) .
During the execution of this module, a log file containing information about selected files and parameters used in the creation of the map is written by the program. Initially, the log file is written to the user's IDL temporary directory. After completion of the program, the file is copied to the directory containing the output mask image. Appendix 4 contains an example log file for this module. 
